Topological partitioning of electronic properties is used to investigate the polarizability of para-nitroaniline and meta-nitroaniline. The distributed polarizabilities for atoms are combined into total local or generalized distributed contributions for the amino, ring, and nitro functional groups; generalized distributed group contributions have not been calculated before. The local group contributions are transferable between the two molecules only when charge transfer is suppressed, but the generalized distributed contributions prove surprisingly similar in the two molecules, apparently because they treat charge-transfer contributions explicitly. Topological partitioning of electronic properties is used to investigate the polarizability of para-nitroaniline and meta-nitroaniline. The distributed polarizabilities for atoms are combined into total local or generalized distributed contributions for the amino, ring, and nitro functional groups; generalized distributed group contributions have not been calculated before. The local group contributions are transferable between the two molecules only when charge transfer is suppressed, but the generalized distributed contributions prove surprisingly similar in the two molecules, apparently because they treat charge-transfer contributions explicitly.
I. INTRODUCTION
Distributing molecular electric multipole moments 1 and polarizabilities 2 over the atoms or functional groups that make up a molecule has the practical advantage of accelerating the convergence of multipole expansions for the electrical interactions between molecules. A distribution like this also has the conceptual advantage of helping to interpret the molecular properties in terms of the constituent atoms or functional groups, but this has not been much exploited. One obstacle is the need to define suitably the regions in molecules over which the properties are to be distributed, and the other is the burden of computation. For defining suitable regions, the atoms-in-molecules approach 3,4 has advantages that have led to its adoption as a method of distribution termed topological partitioning of electronic properties ͑TPEP͒, [5] [6] [7] [8] and it has been applied in calculating distributed polarizabilities of small molecules. 9 It has also been used to calculate distributed hyperpolarizabilities in urea, from which the crystal nonlinear optical properties were calculated, 10 and to calculate the distributed polarizability in the water dimer ͑treated as a supermolecule͒, which was interpreted in terms of field-induced charge flow along the hydrogen bond between the molecules. 11 The latter application comes naturally out of the theory of distributed response under the influence of the potential differences that necessarily occur between regions even in a uniform electric field. 2 Issues of charge movement in a field occur in various areas of importance for applications of molecular materials. One example occurs in molecules for nonlinear optics, where the paradigm for high quadratic nonlinearity is a molecule that consists of an electron donor group attached to an electron acceptor group via a conjugated system, symbolized as D--A. Such a molecule will have an admixture of zwitterionic D ϩ --A Ϫ character in the ground state that will reverse in the first excited state. In a simple two-level sumover-states model, this electronic structure gives a strong contribution to the first hyperpolarizability via the dipole moment change between the two states. Another example is molecular rectification, where the paradigm is a D--A molecule, this time with a saturated system acting as a resistive barrier, across which electron flow is easy from donor to acceptor but hard in the reverse direction. 12 Much effort has been put into trying to achieve rectification in a molecular material and demonstrate unambiguously its molecular origin, and this has also extended to zwitterionic species D ϩ --A Ϫ as candidate molecules. 13 A third example is the obvious one of molecular conduction, where donor and acceptor groups are not required, but the specific perturbation caused by interaction with the electrode becomes important, as recent calculations show, 14 -16 although insights into conduction through the isolated molecule can also be obtained using TPEP. 17 To explore some of these issues, we have applied TPEP to the polarizability of the isomeric molecules paranitroaniline ͑pNA͒ and meta-nitroaniline ͑mNA͒. These serve as model D--A molecules in nonlinear optics ͑al-though pNA crystallizes in a centrosymmetric space group that precludes quadratic nonlinearities͒, and so have been extensively studied. Previous studies of pNA used x-ray diffraction data, 18 semiempirical and self-consistent field calculations 19 and the coupled perturbed Hartree-Fock technique 20 to calculate dipole moments and the first order polarizability, while for mNA these properties were calculated using the density functional theory via the finite-field method. 21 These papers dealt only with the aggregate molecular dipole moments and polarizabilities, and not the contributions of the functional groups to the molecular properties. We therefore seek to exploit the conceptual advantages of TPEP to interpret the polarizability in terms of contributions from individual D, , and A groups. Our aim is to provide an interpretation that might also give insights into a͒ Electronic mail: marc@utdallas.edu the hyperpolarizability and possible rectifying and conducting behavior-or at least, pointers towards such insights. We implement atoms-in-molecules though the program MORPHY01 22 as in our previous work, 11 but with only a small basis set in order to reduce the computational burden. Hence, our results should be regarded as giving not definitive values but rather an illustration of the insights into group response obtainable through distributed polarizability analysis.
II. METHOD
Optimized geometries for the molecular structure of pNA 23 and for mNA 24, 25 have been calculated previously. However, for the present work the reported geometries were idealized in order to facilitate the calculations and the comparisons between the two molecules. We replaced the slightly asymmetric ring with a regular hexagonal benzene ring and set the bond angles in the functional groups at 120°. The coordinates were not optimized.
Our method of calculating distributed polarizabilities using the TPEP method has been described previously. 9, 11 It generates a large quantity of information since pNA and mNA each comprise 16 atoms and for each pair of atoms or functional groups the generalized polarizability is a symmetric second-rank tensor with 16 entries, 10 of which are independent. The independent components comprise one chargepotential component, three charge-field or dipole-potential components and six dipole-field components. The calculations are tedious but reasonably straightforward. The wave function is space partitioned and the necessary integrations are performed by MORPHY01. We used the modest basis set 3-21G, which is small enough to handle the large number of two-electron integrals required ͑involving all real and virtual orbitals͒ within reasonable computation time. It should nevertheless suffice to permit a semiquantitative investigation of para and meta bonding effects on the distributed polarizability in these nitroanilines, but is too small to give final definitive results.
In order to investigate the role of charge transfer between functional groups, we investigate the polarizability under two separate assumptions, which can be explained with the help of equations from our previous work. 11 The first assumption is the completely general one that charge flow is allowed within the molecule, while the second is that charge flow is suppressed. The second assumption is made technically feasible by the detailed calculations required in the TPEP method for polarizability, which separate the response into contributions from different regions and separate those contributions into terms that arise from changes in the charge and dipole moment in each region; if charge flow is suppressed, then there are no changes in the charge in each region and the terms from such changes must be excluded, leaving only terms from changes in the dipole moments.
Under the first assumption the molecular polarizability is given by
Here r ␣ i is the ␣ component of the vector from the molecular origin to atom i, taken as the position of the nucleus. All the quantities ␣ are generalized polarizabilities of various kinds; q as the first subscript refers to a charge and as the second subscript to a potential, while Greek ␣ or ␤ as the first subscript refers to Cartesian components of the dipole moment and as the second subscript to Cartesian components of the electric field. The summations run over topological regions, which in the first instance are atomic basins labeled i and j, but later will be functional groups. So, for example, ␣ q␤ i j is the polarizability that describes the change of the charge in atomic basin i as a function of the ␤ component of electric field in atomic basin j.
We describe the molecular polarizability in terms of the functional group contributions, which are combinations of the atom contributions. The obvious functional groups are chosen: the amino group -NH 2 , the aromatic ring C 6 H 4 , and the nitro group -NO 2 , corresponding directly to the conventional D--A, structure discussed earlier. We assign each atom to a functional group, and rewrite Eq. ͑1͒ as
where F and G denote functional groups to which atoms i and j belong. The quantity in the inner parentheses is the total atom dipole-field polarizability ␣ ␣␤ i for atom i in group F, while that in the outer square brackets is the total group dipole-field polarizability ␣ ␣␤ F for group F. For later use, we can also rearrange Eq. ͑2͒ as
͑3͒
which allows us to evaluate group generalized polarizabilities by comparison with the analogue of Eq. ͑1͒ for groups rather than atoms, namely
Here r ␣ F is the ␣ component of the vector from the molecular origin to an origin defined in group F and ␣FG , etc., are the group generalized polarizabilities. These can be obtained from Eq. ͑3͒ by introducing atom vector components d ␣ i relative to the group origin via r ␣ i ϭr ␣ F ϩd ␣ i , expanding out products and collecting terms. The coefficients of the group vectors can then be used to identify the group generalized polarizabilities as
Under the second assumption, all charge flow is suppressed, and the molecular dipole moment and its constituent atomic dipole moments change only through local changes in the dipole moments, with no contributions from changes in the charges the atoms carry. This implies that all polarizabilities with any subscript q are set to zero, in which case the molecular polarizability reduces to
or in terms of group polarizabilities to
In these equations, the atomic dipole-field polarizabilities ␣ ␣␤ i j are the same as in Eqs. ͑1͒-͑3͒, whereas the polarizabilities with a circumflex in Eq. ͑10͒ are charge-flow suppressed analogs of those in Eqs. ͑2͒ and ͑4͒. Equation ͑9͒ shows that with charge flow suppressed, the molecular polarizability reduces to a sum of distributed atomic dipole-field polarizabilities ␣ ␣␤ i j , while Eq. ͑10͒ shows that it can also be expressed as a sum of charge-flow suppressed group generalized polarizabilities ␣ ␣␤ FG or a sum of charge-flow suppressed total group dipole-field polarizabilities ␣ ␣␤ F . However, despite the suppression of charge-flow contributions the polarizabilities ␣ ␣␤ i j , and ␣ ␣␤ FG are still nonlocal in the sense that a field at one atom or group can induce a local dipole moment in another, as the double superscripts indicate. Comparing the results under the two assumptions allows us to show how field-induced charge transfer affects the total group polarizabilities ␣ ␣␤ F and the molecular polarizabilities of the two nitroaniline molecules, and hence, explore para and meta bonding effects on donor-acceptor behavior.
In this paper dipole moments and polarizabilities are quoted in atomic units ͑a.u.͒. The a.u. of dipole moment is equal to ea 0 , with e the proton charge and a 0 the Bohr radius, so that 1 a.u.ϭ8.478 358ϫ10 Ϫ30 C m, which equals 2.541 748 5 D. The atomic unit of polarizability is equal to 4⑀ 0 a 0 3 , with ⑀ 0 the permittivity of free space (0.164 877 8 ϫ10 Ϫ40 F m 2 ). In electrostatic units 4⑀ 0 is equal to unity and 1 a.u. can be expressed as 0.148 184 7 Å 3 .
III. RESULTS

A. Dipole moments
To obtain initial insights into group properties, we have calculated the dipole moments, which are shown in Table I for the two molecules, with their decomposition into functional group contributions. We use conventional L, M, N axes, with the long L axis defined by the amino nitrogen and the ring center, the medium M axis perpendicular to it in the ring plane, and the normal N axis perpendicular to the plane ͑see Fig. 1͒ . The dipole moment vectors necessarily lie in the molecular LM plane, but the TPEP group results show some deviations from zero for the out-of-plane N components and for the in-plane M components in pNA that should be zero by symmetry. These deviations and similar deviations of the total from that calculated directly, are attributable to cumulative errors from the integrations over atomic basins. The molecular dipole moment is smaller in mNA than in pNA, as expected from the geometry if one assumes comparable contributions from the groups. In pNA, the groups share the molecular symmetry, and hence they have M components that are zero, to the same accuracy as the N components. The net dipole moment is dominated by the nitro group dipole, with a small contribution from the ring group, and an opposing contribution from the amino group. In mNA, the groups have nonzero L and M components. The magnitude of the nitro group dipole is reduced by some 10% compared with pNA, but the magnitude of the ring dipole increases significantly in compensation, while the magnitude of the amino group dipole remains essentially unaffected. These results show that there is no immediate way to interpret the pNA and mNA dipole moments in terms of group moments. For one thing, the ring is not a passive spectator but an active participant, though with a modest role. Nevertheless, it appears possible that since the magnitude of the dipole moment for the nitro group decreases from pNA to mNA while that for the ring increases, suitable transformation of these moments from pNA to mNA might reproduce the total dipole moment. This proves not to be the case. If the nitro group dipole moment from pNA is transformed to the nitro group axes lЉmЉ in mNA, its L and M components are 12.6 and Ϫ21.7 a.u. The M component is already larger than the total M component in mNA, and the M component from the ring in pNA cannot reduce the total as it does in mNA. This is consistent with the valence-bond idea that charge transfer should be less efficient within mNA than within pNA because one cannot write a normal resonance structure that transforms an electron from the amino group to the nitro group in mNA, whereas one can in pNA.
These results show that even in the favorable case of isomers, the concept of a transferable group dipole moment is not quantitatively sustainable. This is already known for sets of chemically distinct molecules. For example, the dipole moment of pNA itself is not the sum of those for nitrobenzene and aniline, and similarly the dipole moment of aminobenzonitrile is not the sum of those for aniline and benzonitrile in the ground state.
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B. Polarizabilities Table II shows the total group polarizabilities ␣ ␣␤ F and the molecular polarizabilities ␣ ␣␤ with charge flow allowed. The total group polarizabilities are not symmetric under interchange of Cartesian components ␣ and ␤, as noted previously for total atomic polarizabilities and for total molecular polarizabilities within a dimer, 11 although together they must yield the proper symmetric total molecular polarizability.
The out-of-plane NN components are too low, a characteristic problem with calculations on aromatic molecules that is to be expected for the rather small basis set we use. Table II shows that when charge flow is allowed the mean group polarizabilities differ rather little between pNA and mNA-by only a few percent, with a correspondingly modest difference between the total polarizabilities-though there are larger differences between individual components. Similar observations were made previously. 27 Table III shows the total group polarizabilities ␣ ␣␤ F and the molecular polarizabilities ␣ ␣␤ with charge flow suppressed, in which case the mean group polarizabilities differ negligibly between pNA and mNA, though again with some larger differences between individual components. The outof-plane NN components, which arise solely from response within atoms, are not affected by charge flow between atoms and so must be the same for both molecules, but even the others are very close. Table IV shows the group generalized polarizabilities for pNA calculated from Eqs. ͑5͒-͑8͒ taking the group origin as its center of mass, and Table V shows the same quantities for mNA. The results show the full symmetry ␣ FG ϭ␣ GF ͑where , ϭq, L, M, N͒ characteristic of generalized polarizabilities but lacking in group polarizabilities, as already noted; some components are zero for pNA because of its higher symmetry. Direct comparisons between components for the two molecules are not easy, because of the difference in symmetry and because the aromatic ring and the nitro group are differently oriented relative to the L, M, N axes. Despite this, there are considerable similarities. For the amino group, where the axes are oriented in the same way for both molecules, corresponding components ␣ NH 2 ,NH 2 for pNA and mNA differ by at most 6%, and by less than 1% for the LL component. This is much better agreement than for the corresponding components ␣ LL NH 2 of the total group polarizabilities with charge flow allowed ͑see Table II͒ , although the charge-flow suppressed ␣ LL NH 2 agree well ͑see Table III͒ .
Other pairs of corresponding components also resemble one another, but the agreement is less striking the more the groups differ from amino and the components differ from q or L.
We have also investigated transforming the group generalized polarizabilities for mNA to the local group axes shown in Fig. 1 , with the results given in Table VI . One might expect that group polarizabilities would be more transferable in group axes, but this proves not to be the case here. The only components that change on transformation are those involving L or M, but for the local polarizabilities (FϭG) the off-diagonal LM components are very small and the diagonal LL and M M components differ significantly. As a result, any transformation serves only to induce larger offdiagonal components and to increase the differences from the corresponding components for pNA. At the same time, the transformation cannot change ␣ NN NO 2 ,NO 2 , and hence, affords no further insight into why this out-of-plane component differs so much between mNA and pNA when only their inplane structures differ. More work on other molecules is required to investigate the effect of the choice of axes on the transferability of group polarizabilities between molecules.
IV. DISCUSSION AND CONCLUSIONS
We have used TPEP to calculate the distributed dipole moments and the static distributed polarizability for pNA and mNA, the largest molecules hitherto analyzed in this way, albeit with only a small basis set. Our basic calculations give atomic quantities, but we have combined the atom polarizabilities to give polarizabilities of two sorts for the -NH 2 , 2 Combining the atomic polarizability contributions into functional group ones significantly reduces the quantity of data as well as allowing chemical questions to be addressed. The results show that the total group polarizabilities become equal in magnitude if charge flow is suppressed but differ significantly when it is allowed. However, subdividing the molecular polarizabilities according to Eq. ͑4͒ yields group generalized polarizabilities that differ rather little between the molecules, considering that their different symmetries make some differences inevitable. However, transforming these results to local group axes actually increases the differences, perhaps because the transformed axes are still not symmetry axes. 
which l and m denote axes for the relevant group as shown in Fig. 1 , viz. l and m for F, GϭNH 2 , lЈ and mЈ for F, GϭC 6 H 4 , and lЉ and mЉ for F, GϭNO 2 ; for all groups the axis n coincides with the molecular axis N. 
Group
ͪ
The simplification obtainable with group generalized polarizabilities seems to be achieved because Eq. ͑4͒ treats charge transfer explicitly, which is clearly appropriate in exploring donor-acceptor effects. Other work on distributed polarizability also finds that charge transfer is important. In order to address the practical problem that distributed polarizabilities grow rapidly in number with the number of atoms or groups treated, in addition to consisting of numerous components as already indicated, a scheme was devised to localize distributed dipole polarizabilities by a suitable transformation of origin. 28 The scheme proved workable for a series of hydrocarbons, provided that charge flow throughout the molecule was retained in an essentially unlocalized form. This was later developed into a practical approach for describing the polarizabilities of the n-alkanes in an arbitrary conformation. 7 The important role of charge transfer in small hydrocarbons was deduced previously, 29 and general considerations show that transfer of charge between atoms or groups is an essential contribution to the polarization process. 30 The importance of charge-flow effects in polarizability has a further consequence when we try to compare group contributions. The groups here have nonzero net charges, and hence their dipole moments are origin dependent. It also follows that charge flows induced by an external field are described by polarizabilities that are origin dependent, as noted previously. 11 As calculated, group properties are normally related to the same molecular origin, typically the center of mass, which is not only convenient but also necessary in order to show how they sum to give the molecular properties calculated directly. However, in order to compare group properties in different molecules, it is desirable to relate them to a common origin in the group. Conversely, Table III shows that when charge flow between groups is suppressed, corresponding group polarizabilities in the two molecules are equal in magnitude, although individual components in the LM plane differ for the ring and nitro group since L and M are not symmetry axes for these groups in mNA.
We have therefore explored the origin dependence of the group polarizabilities, as detailed in the Appendix. We find that as a function of the chosen group origin the ratio of corresponding polarizability components in mNA and pNA varies rather little: for the charge-transfer component ␣ qL NH 2 ,NH 2 the ratio can never be forced to become unity, whereas for the local component ␣ LL NH 2 ,NH 2 it adopts the value unity for a wide range of origins. Given the already encouraging agreement between corresponding components of the group generalized polarizabilities in the molecular axes, the improved transferability obtainable by this refinement does not seem worth the additional effort, and so we have not pursued it farther.
In conclusion, expressing the polarizability response of a molecule in terms of functional group contributions reduces substantially the number of distributed polarizability components. It provides an approach compatible with chemical insights, and is useful for investigating the transferability of group polarizabilities between isomeric molecules. The functional group approach is less fine-grained than the atomic approach but retains all the features of distributed polarizabilities ͑including the ability to treat response in nonuniform fields͒, and hence could be helpful in applying TPEP to force fields for molecular dynamics simulations.
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APPENDIX: TRANSFORMATION OF GROUP POLARIZABILITIES TO LOCAL ORIGINS
We begin by considering the group dipole moments. In order to simplify our expressions, we describe the charge distribution within functional group F not by a continuous charge density but by a discrete set of charges q i F at positions r i F , so that the group dipole moment can be written as
If the origin is moved to R, the dipole moment becomes
where q F is the net charge on group F, so that the dipole moment of the group depends on the charge it carries and on the choice of origin. ͑However, the total molecular dipole moment does not depend on the choice of origin provided the molecule is neutral, i.e., that the q F sum to zero.͒ The origin dependence of the group dipole moment is relevant to the question of determining potentially transferable group moments, which entails extracting group moments from different molecules and examining how far they are independent of the molecule in which they are located. This is straightforward, at least in principle, if each group can be treated as carrying zero net charge. However, once a group carries a net charge, the issue becomes more complicated. Even when the net charge is small, the charge-transfer contribution can be significant if the group is situated at an extremity of the molecule so that the charge is transferred a long distance. One could then decompose the calculated group dipole moment into the ''local'' group dipole moment that arises from the group dipole moment relative to some origin defined in the group and the ''charge-transfer'' contribution that arises from the group net charge and the distance of the group origin from the molecular origin. The local group dipole moment offers the possibility of being transferable, and in particular reduces to a unique origin-independent group dipole moment when the group net charge is zero, as here when charge flow is suppressed.
This analysis can now be extended to explore the origin dependence of the polarizabilities. By means of these equations, the group polarizabilities can be decomposed into charge, transfer and local contributions, as with the group dipole moments. The local contributions can also be transformed to a group axis system in order to remove dependence on the choice of molecular axis system. The similarity of pNA and mNA group responses indicates that the local group polarizabilities can be transferable when charge flow is suppressed ͑Table III͒, but not once charge flow is allowed ͑Table II͒, because charge-transfer contributions can never be completely transferable. On the other hand, the group generalized polarizabilities that treat charge transfer explicitly are more transferable. We have explored whether this potential for transferability can be taken farther by using Eqs. ͑A4͒ and ͑A5͒ to calculate the chargetransfer and local generalized polarizability contributions for pNA and mNA as a function of the displacement R of the group origin from the molecular origin; Rϭ0 corresponds to the results in Tables IV and V. Figure 2 shows results for the simplest case of the amino group, where the group axes and the molecular axes coincide in both molecules, with the group origin displaced along the L symmetry axis. 
